Prenatal organophosphate (OP) pesticide exposure has been reported to be associated with adverse birth outcomes and neurodevelopment. However, the mechanisms of toxicity of OP pesticides on human fetal development have not yet been elucidated. Our pilot study birth cohort, the Study of Asian Women and Offspring's Development and Environmental Exposures (SAWASDEE cohort) aimed to evaluate environmental chemical exposures and their relation to birth outcomes and infant neurodevelopment in 52 pregnant farmworkers in Fang district, Chiang Mai province, Thailand. A large array of data was collected multiple times during pregnancy including approximately monthly urine samples for evaluation of pesticide exposure, three blood samples for pesticide-related enzyme measurements and questionnaire data. This study investigated the changes in maternal acetylcholinesterase (AChE) and paraoxonase 1 (PON1) activities and their relation to urinary diakylphosphates (DAPs), class-related metabolites of OP pesticides, during pregnancy. Maternal AChE, butyrylcholinesterase (BChE) and PON1 activities were measured three times during pregnancy and urinary DAP concentrations were measured, on average, 8 times from enrollment during pregnancy until delivery. Among the individuals in the group with low maternal PON1 activity (n = 23), newborn head circumference was negatively correlated with log 10 maternal ΣDEAP and ΣDAP at enrollment (gestational age=12±3 weeks; β = −1.0 cm, p = 0.03 and β = −1.8 cm, p <0.01, respectively) and at 32 weeks pregnancy (β = −1.1 cm, p = 0.04 and β = −2.6 cm, p = 0.01, respectively). Furthermore, among these mothers, newborn birthweight was also negatively associated with log 10 maternal ΣDEAP and ΣDAP at enrollment (β = −219.7 g, p = 0.05 and β = −371.3 g, p = 0.02, respectively). Associations between maternal DAP levels and newborn outcomes were not observed in the group of participants with high maternal PON1 activity. Our results support previous findings from US birth cohort studies. This is the first study to report the associations between prenatal OP pesticide exposure and birth outcomes in Thailand.
Introduction
Organophosphate (OP) pesticides are among the most widely used pesticides in many areas of the world (Janine and Knight, 2011) . In Thailand, following the decision to ban organochlorine pesticides for agricultural use in 1988, OP pesticides have gained popularity for effective control of multiple insects during the cultivation of various tropical fruits, vegetable, rice, legumes, etc. More than a million kilograms of OP pesticides (accounting for about 15% of the total amounts of imported insecticides) are imported into the country annually. The most highly used OP pesticides include chlorpyrifos, profenophos, dimethoate, and ethion (OAE, 2013) . Because OP pesticides are widely used, in multiple crop types and likely in all cultivating seasons, their contaminations of produce largely consumed by local populations has been reported (Harnpicharnchai et al. 2013; Prapamontol et al. 2010; Sapbamrer and Hongsibsong 2014) .
Prenatal or in utero exposure to OP pesticides has also been linked to more subtle effects such as fetal neurodevelopment and adverse birth outcomes. Studies of rodents found that prenatal exposure to some OP pesticides was associated with decreased fetal growth in offspring (Chanda and Pope 1996; Srivastava and Raizada 1996) . In human epidemiological studies, adverse birth outcomes and neurodevelopmental deficits in children prenatally exposed to pesticides were observed consistently at several ages. For instance, prenatal OP pesticide exposures, as measured by the levels of maternal parent OP pesticides in blood or their urinary dialkylphosphate (DAP) metabolites, were linked to decreases in gestational duration (Eskenazi et al. 2004) , birth weight, birth length (Whyatt et al. 2004) , and head circumference (Berkowitz et al. 2004) . Similarly, prenatal OP pesticide exposures have been associated with neurodevelopmental deficits (Bouchard et al. 2011; Engel et al. 2007; Marks et al. 2010; Rauh et al. 2006; Young et al. 2005; Zhang et al. 2014 ).
The primary acute mechanism of OP toxicity is the inhibition of acetylcholinesterase (AChE) enzyme activity in the nervous systems (Gupta 2006) . AChE is responsible for breaking down the neurotransmitter, acetylcholine, at the skeletal neuromuscular junction and synapses. The mechanism of inhibition involves the oxon form of the OP pesticide binding to the serine hydroxyl group on the AChE active site, thus preventing acetylcholine binding leading to cholinergic hyperactivity (Gupta 2006) . The hydrolysis of some active OP pesticides into their metabolites is mediated by the paraoxonase 1 (PON1) enzyme. Generally, PON1 polymorphisms contribute to differential susceptibility of humans to OP toxicity (Costa et al. 2013; Eckerson et al. 1983; Holland et al. 2006; Li et al. 2000) . Several human studies reported the mediation of birth outcomes and neurodevelopment deficits associated with prenatal OP pesticide exposure by maternal PON1 polymorphism characteristics (Berkowitz et al. 2004; Engel et al. 2007; Engel et al. 2011; Rauch et al. 2012) .
We were particularly interested in investigating the birth outcomes of a population with high risk of OP pesticide exposures in Thailand. Unlike any other previous U.S. cohort studies, we focused on pregnant women who actively engaged in agricultural activities without proper training in pesticide applications, lived and worked (Lorenz et al. 2012) where different OP pesticides were used with high volume and frequency (Prapamontol et al. 2010) compared to the U.S. population. This population could enable us to investigate different adverse health outcomes related to exposure to different OP pesticides. Therefore, we investigated the relationship between prenatal OP exposure and birth outcomes in our pilot cohort in the Study of Asian Women and OffSpring's Development and Environmental Exposures (SAWASDEE). The SAWASDEE study was established in Fang district, an important agricultural area in Chiang Mai province, Thailand. Birth outcomes (birth weight, birth length, and head circumference) and maternal biomarkers including red blood cell AChE activity, plasma butyrylcholinesterase (BChE) activity, PON1 activity, and urinary DAP levels across pregnancy were the primary variables in this study.
Materials and methods

Study site
Collectively, agricultural areas in Fang district of Chiang Mai province cover 239 square kilometres comprising about a quarter of its total area. Fang district is the major producer of oranges that include mandarin oranges (Citrus reticulata Blanco), and, to a lesser extent, tangerines (Citrus tangerina). Production of citrus fruits in this area requires intensive use of pesticides during the pre-and post-harvest periods. Owing to a suitable climate and altitude, up to three harvests can be obtained per year per farm, potentially resulting in constant exposures to pesticides among farmworkers.
We previously established strong evidences of OP pesticide contamination in food and the environment in this area resulting from agricultural pesticide use (Prapamontol et al. 2009; Prapamontol et al. 2010 ). Furthermore, we previously reported that a group of pregnant farmworkers in this area had inadequate knowledge and unsafe pesticides practices (Lorenz et al. 2012 ), suggesting they might be prone to high pesticide exposures and any resulting adverse effects.
Study participants
The SAWASDEE study, a collaborative effort of Chiang Mai University's Research Institute for Health Sciences, Thailand, and Emory University's Rollins School of Public Health, was a pilot prospective birth cohort study conducted in Fang Hospital (Ministry of Public Health), Fang district, Chiang Mai province, Thailand with enrollment in early pregnancy, temporally-resolved pesticide exposure assessment during pregnancy and adverse neurodevelopmental outcomes measures in neonates shortly after birth.
Fifty-nine pregnant women were recruited from the antenatal care unit at Fang Hospital from March 2011 to February 2012. The inclusion criteria included: (1) aged 18-35 years old; (2) was pregnant with gestation at enrollment in first or early second trimester (≤16 weeks of pregnancy); (3) were farmworkers; (4) had no serious medical problems; and (5) planned to live in Fang district longer than 6 months. All participants volunteered to participate and signed an informed consent form before data collection began. This study protocol was approved by: 1) Office of Research Ethics, Research Institute for Health Sciences, Chiang Mai University; 2) Ethical Review Committee for Research in Human Participants, Ministry of Public Health of Thailand; and 3) Emory University's Institutional Review Board.
Questionnaire data collection
Structured questionnaires were employed to collect demographics, personal habits and behaviors, medical and pregnancy history, occupational information and pesticide use. Data were collected three times: at enrollment, 24 weeks gestation, and shortly after delivery. All questionnaires were administered by trained staff in a face-to-face setting.
Maternal blood collection
Maternal blood was collected three times during pregnancy: at enrollment (M1); 32 weeks of pregnancy (M2); and, at delivery (M3). Maternal venous blood was collected in two 10-mL heparinized Vacutainer® blood collection tubes (BD, Franklin Lakes, NJ, U.S.A.). Whole blood was centrifuged at 1,500×g for 20 minutes, 4 °C. Heparinized plasma was aspirated using a disposable pasture pipette. The buffy coat was transferred to a new microcentrifuge tube for further study. The packed red blood cells were washed twice with phosphate buffer (pH 7.4). After washing, the red blood cells were mixed and aliquoted (2 × 1 mL) into a 1.5-mL polystyrene tube using a disposable pasture pipette. All maternal plasma and red blood cells samples were stored in −20 °C until analysis.
Cord blood collection
The umbilical cord blood sample (C), 2 × 10 mL, was immediately collected from the umbilical cord vein when the umbilical cord was cut. Cord blood was processed as was the maternal blood. Samples were also stored in −20 °C until analysis.
Enzyme assay
2.6.1 Measurements of cholinesterase enzyme activities-Red blood cells and plasma from maternal venous and cord blood were assayed for AChE and BChE enzyme activities using the Ellman's spectrophotometric method (Ellman et al. 1961 ) with a slight modification. For the AChE assay, 20 μL of red blood cells in phosphate buffer (dilution: 1:200) and 200 μL of 0.52 mM 5, 5′-dithiobis-2-nitrobenzoic acid (DTNB) in 5 mM phosphate buffer (pH 8) were added in each well of a 96-well polystyrene plate. A 20 μL of 5.5 mM acetylthiocholine substrate was added. The rate of formation of TNB was monitored for 10 min at 405 nm (25 °C). For the BChE assay, 20 μL of plasma in phosphate buffer (dilution: 1:100) was tested using butyrylthiocholine as the substrate. The absorbance at 405 Naksen et al.
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Author Manuscript nm was used to calculate the concentration of 5-thio-2-nitrobenzoic acid (TNB) using Lambert-Beer's law (ɛ TNB = 13,600 M −1 cm −1 ).
Measurements of paraoxonase (PONase) and arylesterase (AREase)
activities of PON1-Plasma from maternal venous and cord blood were assayed for PONase and AREase activities using Huen's method (Huen et al. 2009 ). For PONase assay, 20 μL of plasma (dilution: 1:10) was added to 200 μL of 1.2 mM paraoxon (0.1 M Tris-HCl, pH 8.5, 2 mM CaCl 2 , 2 M NaCl). The concentration of ρ-nitrophenol as the paraoxon hydrolytic product was determined at 405 nm every 15 s over 2 min. For AREase assay, 20 μL of plasma (dilution: 1:80) was added to 200 μL of 3.26 mM phenyl acetate solution (9 mM Tris-HCl pH 8.0 with 0.9 mM CaCl 2 ) in each well of a 96-well UV transparent plate. The concentration of phenol as the hydrolytic product of phenyl acetate was determined at 270 nm every 15 s over 2 min. The concentrations of ρ-nitrophenol and phenol were calculated using Lambert-Beer's law (ɛ ρ-nitrophenol = 18,000 M −1 cm −1 and ɛ phenol =1,310 M −1 cm −1 , respectively).
All assays were performed in triplicate. Internal quality control aliquots using pooled samples were used for every assay. The inter-assay relative standard deviations (RSDs) of AChE, BChE, PONase and AREase assays were 5.3%, 5.2%, 4.2% and 1.6%, respectively.
Paraoxonase 1 phenotyping
An individual's PON1 phenotype was determined by using the ratio of salt-stimulated PONase activity to AREase activity according to Eckerson's method (Eckerson et al. 1983 ). Intra-person activities of each enzyme from three collections were averaged before calculating the ratio. The cumulative distribution and the histogram of the ratio were plotted. The obvious gaps from the plot were used to separate into three PON1 phenotypes of low (AA), middle (AB) and high (BB) activity which are related to QQ, QR and RR genotypes, respectively, at codon192 of PON1 (Humbert et al. 1993) . One of the PON1 polymorphisms is the Q192R polymorphism. The change of codon in exon 6 of PON1 gene results in substitution of amino acid glutamine with arginine at the position 192. The activities of these two alloenzymes towards different OP pesticides were different because the amino acid at the position 192 is an important residue of PON1 active site (Harel et al. 3004 ). From In vivo study, R192 alloenzyme provides more protection against chlorpyrifos oxon (Li et al., 2000) .
Urinary DAPs analysis
Fifty mL of spot urine were collected from the participants at every visit in the hospital, on average 8 samples per participant. Urine samples were aliquot (5 × 10 mL) into 12-mL polystyrene tubes and stored at −20 °C until analysis. Six DAPs including dimethylphosphate (DMP), dimethylthiophosphate (DMTP), dimethydithiophosphate (DMDTP), diethylphosphate (DEP), diethylthiophosphate (DETP), and diethydithiophosphate (DEDTP) were measured in urine samples using GC-FPD (Prapamontol et al. 2014) which was cross-validated with GC-MS. Details of the analysis and data characteristics are described elsewhere (Ryan et al. submitted) .
Birth outcome measurements
Body weight and length, and head circumference of newborns were abstracted from medical records.
Statistical analysis
All statistical tests were performed using SPSS, version 17 (SPSS Inc., Thailand) and considered significant where p-values were less than 0.05. Descriptive statistics were calculated for general characteristics of study participants and all measurements.
All enzyme activity data were tested for normal distribution using Kolmogorov-Smirnov test. Since intra-person AChE data across pesticide-applying seasons from all participants was not available in this study, the differences of within-person data across pregnancy was calculated for AChE activity inhibition. Percent inhibition of maternal AChE activity was calculated as the % change in activity in blood collected at enrollment and the activity at 3 rd trimester (32 wks of pregnancy) and delivery. Participants worked extensively in agriculture at enrollment and they stopped working during the 3 rd trimester until delivery. Maternal AChE activities at 32 wks of pregnancy and delivery were averaged and used as a person's baseline level. AChE activity inhibition fell into 3 distinct categories: less than 0%, > 0-20% and > 20%. Many publications use >20% inhibition of AChE activity as the determinant of biological significance (Hackathorn et al. 1983; Stefanidou et al. 2003 ). These categories from maternal activities were used for comparing newborn birth outcomes.
The distributions of concentrations of all six maternal urinary DAPs were skewed. Therefore, ΣDMAP (molar sum of DMP, DMTP and DMTDP), ΣDEAP (molar sum of DEP, DETP and DETDP) and ΣDAP (molar sum of all six DAPs) were calculated and also transformed into log 10 values for statistical analysis. Detailed calculation can be seen elsewhere (Panuwet et al. 2008 ).
The differences between variables such as enzyme activities from three collection times were tested by paired-sample t-test while the differences among categorical variables such as enzymes activities and birth outcomes among the different group of AChE activity inhibition and PON1 phenotypes were tested by one-way ANOVA. The paired correlations between continuous variables were analysed by Pearson's correlation analysis.
Linear regression was used to examine the association of maternal log 10 DAP levels and birth outcomes in each group, either classified by AChE inhibition or PON1 phenotype. For PON1 phenotype stratification, AA and AB phenotype (n = 6 and 17, respectively) were pooled together (n = 23) to increase the number before performing regression analysis.
Covariates used in the regression model were selected from variables which are known to be potential confounders such as maternal age, pre-pregnancy BMI, weight gain during pregnancy and gestational age. Smoking and alcohol consumption were not used in the models because none of participants reported smoking and consuming drugs and alcohol. 
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Results
Characteristics of study population
Characteristics of the study population are shown in Table 1 . At enrollment, 59 participants were recruited. Three participants were excluded during follow-up period; one participant moved from the study area and two participants miscarried. Four participants were removed from analysis because of incomplete blood sample collection. A total of 52 participants were included in statistical analyses.
Mean±SD gestational age at enrollment was 12 ± 3 wks which was between the late 1 st trimester and the early 2 nd trimester of gestation. Most participants (71.4%) still worked until the 2 nd trimester of gestation and some of them (12.5%) applied pesticides in their work. Most of participants (78.9%) were migrant farmworkers with work-permitting card. About half of participants worked in a tangerine orchard. Out of 59 participants, 55 of the babies (98.2%) were full-term gestation (> 36 wks). Eight participants (15%) delivered the babies with low birth weight (< 2,500 g).
Enzyme activities
Activities of red blood cell AChE, plasma BChE, PONase and AREase in maternal blood during pregnancy and cord blood are presented in Table 2 . Mean maternal red blood cell AChE activity in samples collected at enrollment (M1) (5.5 ± 1.0 U/mL) were significantly lower than those in samples collected at 32 wks of pregnancy (M2) and delivery (M3) (6.1±0.9 and 5.9±1.1 U/mL, respectively); however, the mean activities at 32 wks of pregnancy (M2) and delivery (M3) were not significantly different. Mean AREase activities in all three maternal plasma sample collections were significantly different (enrolment <32 weeks < delivery). No significant differences were seen in BuChE activities across pregnancy.
AChE, plasma PONase and AREase activities in cord blood were significantly lower than in maternal blood from all collection time points,, while BChE activities in maternal and cord plasma were similar. In addition, AChE, POnase and AREase activities were significantly correlated between maternal blood collected at delivery and cord blood (Pearson's correlations were 0.413, 0.348 and 0.415, respectively (all p<0.05)). Despite being statistically significant, these values suggest modest associations.
Newborn body weight, length and head circumference were not statistically associated with AChE inhibition.
Paraoxonase1 phenotyping
The distribution histogram of the ratio between PONase and AREase activities had 3 distinct modes, divided at the ratio of 2.92 and 5.86 (Fig. 2) . Using Eckerson's method, the low, middle and high ratios were identified as AA, AB and BB phenotypes, respectively (Eckerson et al. 1983 ). There were 6, 17 and 29 participants in AA, AB and BB phenotype groups, respectively. Cord blood PON1 phenotyping could not be performed. Because, in the cumulative plot and distribution histogram of the ratio between PONase and AREase activities in cord blood, no group separation was observed (data not shown).
Paraoxonase1 phenotypes and their relationship with maternal enzymatic activities and newborn outcomes
There were no differences between maternal and cord AChE and BChE activities across maternal AA, AB and BB phenotypes. Newborn outcomes according to the maternal PON1 phenotype are shown in Table 3 . Newborn body weight, length and head circumferences were not significantly different among three maternal phenotypes.
Relationships among maternal acetylcholinesterase inhibition, paraoxonase1 phenotype, OP pesticide exposure, and newborn outcomes
When evaluating all samples collectively (n = 52), no significant associations were observed between birth outcomes and any of the following variables: maternal enzyme activities, AChE inhibition, and urinary DAPs. Table 4 summarizes the maternal urinary DAP concentrations measured at different time across pregnancy and stratified by maternal PON1 phenotypes. Following the stratification of PON1 phenotypes, no significant difference was detected for OP pesticides exposure levels at different time points, except for ΣDAP and ΣDEAP at delivery.
Six DAPs were associated with OP pesticide usage in Fang District. The OP pesticides currently in use are chlorpyrifos, diazinon, dimethoate ethion, malathion. pirimiphos ethyl, prothiophos, profenophos and triazophos. Among these, dimethoate and malathion are metabolized to DMAPs while the rest are metabolized to DEAPs.
There was found that diet was associated with OP exposure. Sources of water used, behaviors related to vegetable and fruit consumption as well as work activity during pregnancy were significantly associated with maternal ΣDMAP and ΣDEAP. However, there was no association between exposure levels and proximity to agricultural field. This is not a surprising phenomenon because farmworkers in Thailand usually live on or very close to their farms. Their houses are typically surrounded by agricultural fields (their own fields or those belonging to their neighbors) and are situated without any buffer zones.
When PON1 phenotypes were stratified, we observed significant associations between log 10 ΣDMAP, ΣDEAP and ΣDAP in maternal urine and birth outcomes (Table 5 ). Within a group of combined maternal AA and AB phenotypes (n = 23), log 10 ΣDEAP and ΣDAP at enrollment and 32 wks pregnancy were significantly associated with body weight and head circumference of newborns. Head circumference was negatively associated with log 10 ΣDEAP and ΣDAP at enrollment (β = −1.0 cm, p = 0.03 and β = −1.8 cm, p <0.01, respectively) and at 32 wks of pregnancy (β = −1.1 cm, p = 0.04 and β = −2.6 cm, p = 0.01, respectively). Newborn body weight was negatively associated with log 10 ΣDEAP and ΣDAP at enrollment (β = −219.7 g, p = 0.05 and β = −371.3 g, p = 0.02). Newborn body length was not associated with any exposure status whether stratified by PON1 phenotype or not. Further, no associations between maternal DAP levels and newborn outcomes we observed in the BB phenotype group.
Discussion
Enzyme activities of maternal and cord blood
AChE, PONase and AREase activities in the blood collected at enrollment in our study were significantly lower than in the blood collected at 32 wks and delivery, likely a result of exposure during pregnancy. However, other studies have noted that AChE activity was remarkably increased during pregnancy in non-farmworker mothers with normal labor and vaginal deliveries (de Peyster et al. 1994; Venkataraman et al. 1990; Vlachos et al. 2008) .
As well as AChE activities, PONase and AREase enzyme activities at delivery were slightly higher during pregnancy among non-farmworker mothers living in an agricultural community (Holland et al. 2006) . Researchers have hypothesized that the increasing activities of these enzymes during pregnancy may be due to enzyme expression depending on pregnancy status which leads to altered hemodynamics and other inter-related changes occurring in pregnancy (Venkataraman et al. 1990; Huen et al. 2010) . In our study, the lower levels are most likely a result of farmworker activities that resulted in higher OP pesticide exposures in our participants than observed in other studies.
The work activity during each blood collection time is also crucial to explain low AChE activity at the early and middle periods of pregnancy. Our questionnaire data indicated that most of our participants still worked through the early 2 nd trimester of pregnancy. They were exposed to anti-AChE OP pesticides during this time as indicated by their urinary DAP levels, thus likely resulting in lower AChE activities. Questionnaire data also demonstrated that some participants worked until delivery. Although only a few of the participants directly handled the pesticides, most were likely exposed in their workplaces and from farm-related tasks like thinning and reaping tangerines. However, enzymes activities from samples collected from working and not working participants in each collection time were not significantly different (data not shown).
Paraoxonase1 activity and phenotype
Maternal PONase and AREase activities increased with gestational age. These results are similar to a previous study in which these enzyme activities were slightly elevated during pregnancy (Holland et al. 2006) . Therefore, PON1 phenotyping should not be affected by the increase of PONase and AREase activities over time). In human studies, the R allele showed higher activity of chlorpyrifos oxon hydrolysis than the Q allele which more actively hydrolyzed diazinon oxon (Ginsberg et al. 2009 ). Further, the Q allele have been associated with early pregnancy failure (Toy et al. 2009 ) and high BChE inhibition (Hofmann et al. 2009 ). However, the R allele has been associated with risk of low birth weight in newborns (Andersen et al. 2012) . Clearly, PON1 phenotypes/genotypes provide different degrees of protection against different OP pesticides which may, in turn, lead to different degrees of adverse effects.
Association among maternal cholinesterase activities, paraoxonase1 phenotyping, pesticide exposure and newborn outcomes
We found no correlation between maternal AChE inhibition and urinary DAP level. This is consistent with the reported insensitivity of AChE activity to exposures to OP pesticides that are far below lethal levels. A study in workers involved in the manufacturing of chlorpyrifos found that the decreased AChE activity was not associated with low PON1 status (Albers et al. 2010) . Similarly, a study in agricultural workers observed inhibition of AChE and BChE after chlorpyrifos application but an association of PON1 activity with inhibition was not found (Ellison et al. 2012 ). Conversely, low PON1 catalytic efficiency and low plasma PON1 activity have been associated with increased plasma BChE inhibition (over baseline levels) in pesticide handlers exposed to various OPs and carbamates (Hofmann et al. 2009 ).
In this study, a direct correlation between maternal biomarkers and birth outcomes was only observed after stratification by PON1 phenotype. In the low maternal PON1 activity group, a negative association between birth outcomes and prenatal pesticide exposure (as measured by urinary DAP metabolites) was found, although an association between enzyme activities and birth outcome was not observed. Specifically, the association between decreased birth weight and head circumference and maternal urinary ΣDEAP and ΣDAP levels measured at early and late pregnancy was observed among newborns of mothers with the low activity PON1 phenotype. This finding was similar to that previously reported in which low maternal PON1 activity in conjunction with maternal chlorpyrifos exposures was reportedly associated with reduced newborn head circumference (Berkowitz et al., 2004) . In addition, another study also reported a negative association between birth weight/length and chlorpyrifos levels in maternal blood (Whyatt et al., 2004) . The studies on the association of maternal exposure to OP pesticides with birth outcomes are shown in Table 6 .
Since the major OP pesticide in Thailand is chlorpyrifos with the possible metabolites DEP and DETP. DEAP concentrations drove the overall DAP concentrations in our study and thus the association of DAP levels with birth outcomes was observed in this study. Unlike populations in United States where both chlorpyrifos and chlorpyrifos methyl were used among many other dimethyl-substituted OP pesticides, DMAPs drove the overall DAP levels and thus some birth outcome associations were primarily based upon DMAPs (Eskenazi et al. 2004; Wolff et al. 2007; Harley et al. 2011) . It has to be noted that maternal urinary ΣDEAP and ΣDAP during pregnancy were obviously higher than other agriculturalcommunity cohorts such as CHAMACOS Mark et al. 2010 ) and another birth cohort from central and northeast of Thailand (Kongthip et al. 2013 ) and Netherland (Ye et al. 2008) but China (Zhang et al. 2014) .
Newborn PON1 genotype and activities were reported to be associated with birth outcomes (Huen et al. 2009; Harley et al. 2011; Eskenazi et al. 2004 ) and neurodevelopment deficits in children (Eskenazi et al. 2014 ). The shorter gestation period and smaller head circumference that were observed among newborns in the CHAMACOS study may be a direct result of low PON1 activity and the susceptible genotype of newborns. Collectively, these studies suggest that low maternal and newborn PON1 activity may contribute to greater susceptibility of newborns to prenatal exposures.
We would like to emphasize that about 15% of newborns in this study had low birth weight (LBW) which is higher than the overall prevalence in Thailand (8%) and twice the target percentage (7%) of Thailand's goal to reduce LBW according to the National Economic and Social Development in Thailand (The National Economic and Social Development Board, 2002) . In low birthweight newborns in our study, maternal ΣDEAP and ΣDAP at enrollment were slightly higher than in mothers of normal birth weight newborns, however, the differences were not statistically significant. The higher prevalence of LBW in our cohort is something that needs to be further studied and intervention measures should be undertaken.
This study highlights the finding of the negative association of prenatal OP exposure and birth outcomes especially in low PON1 activity mothers. These current data have important implications for public health. Education policy should be adapted to include research translation because it is important to raise the awareness of the population at risk regarding health outcomes of low level OP exposures and genetic influences. Health promotion and preventive measure recommendation such as using proper personal protective equipment (PPE) must be frequently updated and tailored to suit different groups of population. In addition, this issue should be raised as a necessary program for prenatal care in Thailand health policy.
Conclusion
This is the first report on the association between OP exposure and birth outcomes in the Thai population. In summary, this study suggested the decrease birth weight and head circumference in newborns born from mothers with low PON1 activity who were exposed to OP pesticides. Although the sample size is small, our results support the increasing body of evidence linking prenatal pesticide exposure to adverse birth outcomes.
Highlights
• We studied the relation of maternal OP pesticide exposure, PON1 and birth outcomes.
• Prenatal OP exposure was associated with low birth weight and head circumference.
• Adverse birth outcomes were observed in babies whose mothers had low PON1 activity.
• We are first to report associations of OP exposure and birth outcomes in Thailand. Distribution histogram and cumulative curve of the ratio of maternal paraoxonase and arylesterase activities from 52 participants. Arrows show points of the ratio that divided this population into three distinct groups according to their PON1 phenotypes. Table 2 Activities of red blood cell AChE, plasma BChE, PONase and AREase in maternal blood during pregnancy and cord blood.
Enzymes
Activities (mean ± SD) Maternal blood (n = 52) Cord blood (n = 52) M1 M2 M3
AChE (U/mL) 5.5±1.0 # †δ 6.1±0.9 *δ 5.9 ±1.1 *δ 3. Table 5 Associations between log 10 ΣDMAP, ΣDEAP, and ΣDAP in maternal urine collected at enrollment, 32-wk of pregnancy and delivery and birth outcomes, stratified by maternal PON1 phenotype Table 6 Comparison of studies of maternal exposure to OP pesticides and birth outcomes 
